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ABSTRACT 
  
Nano-engineered-textures on a material surface used to conduct fluids can 
significantly improve the hydrophobicity or wetting property of the surface, resulting in 
lower resistance of the surface to the fluid’s movement.  In this work, aluminum-induced 
crystallization of amorphous silicon was investigated for generating nano-textures on 
copper substrates, a common material in heating, ventilating, air conditioning, and 
refrigeration systems.  Flat copper substrate was utilized.  Several experiments were 
conducted to study the effects of annealing temperature, annealing duration, a-Si and Al 
thickness, and the sequence of film structure.  Scanning electron microscopy was 
employed to characterize the surface nano-topography. The results showed that the AIC 
of a-Si process was successful in producing nano-textured surfaces on Cu substrate.  The 
Cu/a-Si/Al nano-texture process can be affected by changing a-Si and Al thickness, along 
with anneal duration and temperature.  Oxidation of the Cu substrate occurred due to 
exposure to air at room temperature, low temperature heating, and high temperature 
annealing, and was found to have a negative effect on the adhesion of the nano-texture to 
Cu substrate.  Reversal of the a-Si and Al film deposition order in the AIC of a-Si process 
was found to improve adhesion of the texture to the substrate.  
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CHAPTER 1 
INTRODUCTION 
By engineering nano-textures and chemistry on a material surface used to conduct 
fluids, the hydrophobicity of the surface can be improved significantly, resulting in lower 
resistance of the surface to the fluid’s movement.  Such nano-engineered surfaces can 
provide increased energy efficiency in heating, ventilating, air conditioning, and 
refrigeration (HVACR) systems, where friction caused by the viscous movement of fluids 
will contribute to energy loss.  Related benefits of nano-engineered surfaces include the 
reduction of fouling and corrosion—also contributors to the loss of efficiency over the 
life of HVACR systems.  Broader applications of this research include the development 
of economical, self-cleaning surfaces for industrial, commercial, domestic, and 
architectural uses where metal products are prominent.  The field of microfluidics, which 
is important in the science of miniaturization and microelectromechanical systems, will 
benefit from advances in the reduction of friction by nano-engineered surfaces as well. 
Due to time limitations, the objective of this research was restricted to developing 
the aluminum-induced crystallization of amorphous silicon (AIC of a-Si) process to 
produce nano-textured surfaces on flat copper substrates.  The nano-textured surfaces can 
then be further developed by the application of a low surface energy coating on the nano-
textured surfaces to make them superhydrophobic.  The application of such low surface 
energy coatings to nano-textured Cu substrate will be an area of study for future research. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Background 
2.1.1 Surface Nano-Texturing  
Matter on the nano-scale possesses physical, chemical, and biological properties 
which are different than the ones on the atomic, molecular, and bulk scales [1].  On the 
nano-scale, a material’s fundamental properties can be engineered to produce a change in 
its physical characteristics (surface texture, melting temperature, optical, magnetic, and 
electronic properties, etc.) without necessarily changing the material’s chemical 
composition [2]. 
One of the earliest methods of nano-engineering structures using pure metals and 
alloys was ball milling.  This method was characterized as a thermally-assisted 
compaction process [3].  Research aimed at developing nanocrystalline materials has 
utilized the ball milling process to generate bulk nanocrystalline samples for metals such 
as Zn, Al and its alloys, and Cu and its alloys [9].  The ball milling-annealing method of 
producing nano-structures involved the use of a pre-ball milling step followed by thermal 
annealing to develop nano-structures such as single-walled and multi-walled carbon 
nano-tubes (CNTs) and nano-wires from C, BN, Zn, and SiC [4].  Presently, nano-tubes, 
wires, rods, and particles can be created using high-energy ball milling processes in 
which various metallurgical methods are used to generate nano-structures [5].  Typically, 
though, the ball milling process is utilized to produce a patterned growth of nano-textures 
such as aligned CNTs on a metal substrate, not the creation of the nano-textures 
themselves [6]. 
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Zinc oxides, later joined by Cu, Au, and TiO2 were studied for ways to increase 
hydrophobicity using electrodeposition [10].  Electrodeposition is a plating process that 
uses an electrolyte solution containing salts and electric current to roughen the target 
material’s surface [7].  After surface roughening, the metal’s surface must be coated with 
an agent that has a low surface energy to achieve superhydrophobicity.  Researchers 
Shirtcliffe et. al, successfully utilized an electrodeposition technique and the application 
of a common fabric waterproofing solution to improve the hydrophobicity of Cu and thus 
achieved a water contact angle of 160° [8].  To achieve nanocrystalline grain sizes using 
this technique, it is often necessary to use organic materials as additives to promote grain 
growth, and those additives can lead to segregation and embrittlement of the grain 
boundary [9].    
Although there are several surface-nano-texturing methods currently being 
employed, two means, in particular, show great potential for improving the 
hydrophobicity of metal substrates:  (1) chemically-forming the surface nano-textures or 
(2) producing nano-textures using aluminum-induced crystallization of amorphous silicon 
(AIC a-Si). 
2.1.2 Chemically Forming Surface Nano-Textures 
Aluminum, Zn, Cu, and Ti are types of metals that have been studied recently for 
development of nano-textures to create superhydrophobic surfaces [10].  The success of 
these nano-texturing methods rely primarily on the application of etchants to dissolve 
dislocation sites on the surface of metal substrates, thus resulting in the roughened 
surfaces necessary to achieve superhydrophobicity.  Titanium and its alloys, for example, 
were etched using CF4 and hydrofluoric acid/hydrogen peroxide.  Steel and Cu alloys 
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have been etched with nitric acid and hydrogen peroxide to produce roughened surfaces 
to enhance their hydrophobicity. 
Surface-engineering to increase the hydrophobicity or wetting property of copper 
(Cu), a common material in HVACR systems, has not been well studied.  Recent research 
conducted to increase the hydrophobicity of a Cu-Zinc alloy (Cu 76 wt%, Zn 24 wt%) 
used a one-step, wet chemical approach that used dodecanoic acid as an etchant and a 
glass slide to cover the treated area.  Covering the alloy with a glass slide accelerated the 
creation of superhydrophobic surfaces on the Cu-Zn alloy by changing the local oxygen 
concentration and formation of oxygen difference cells.  A water contact angle of 161° 
was achieved.  This approach, however, requires immersion times of up to 3 days of the 
alloy in the etching solution [11].   
Another wet chemical approach was used by Guo and associates to create 
superhydrophobic surfaces on polished Cu (Cu 99.5 wt. %) substrate.  The polished Cu 
substrate was immersed in an oxalic acid aqueous solution of 0.5 wt. % concentration.  
This method involves immersion times of up to 7 days of the alloy in the etching 
solution, followed by surface modification using Poly Dimetysiloxane Vinyl terminated 
(PDMDVT) and oven annealing [12].   
More recently, the application of a hydrolyzed solution of 
perfluorooctyltrichlorosilane, or FOTMS, was used in a reaction with metallic surfaces to 
attain both surface roughness and low surface energy [13].  Cu (90 wt %, Zn 10 wt. %) 
was immersed in the FOTMS solution for 3 days duration, with the result of a maximum 
water contact angle of 155.3°.   
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While the wet chemical methods discussed herein represent a simplified process 
for developing superhydrophobic surfaces, they may not be economical or timely to 
implement for commercial and industrial applications such as HVACR.  A more 
promising method is AIC of a-Si. 
2.1.3 Aluminum-Induced Crystallization of Amorphous Silicon 
  The aluminum-induced crystallization (AIC) of amorphous silicon (a-Si) 
technique began as a method of producing large polysilicon grains for use in electronic 
and photovoltaic applications [14].  AIC of a-Si is based on the theory that Al placed in 
contact with a-Si significantly lowers the crystallization temperature of the a-Si.  
Lowering the crystallization temperature will enable the production of textured surfaces 
on materials that cannot withstand high temperature.  Crystallizaton temperatures as low 
as 150°C [15] have been achieved in producing large-grained polysilicon films used in 
devices such as solar cells and thin film transitors [16].   
Methods pioneered by researchers Zou, Nair, Wang, and Song successfully 
produced nano-textured surfaces on glass substrates using AIC of a-Si [17].  Their 
research also led to the study of the effect of a-Si thickness on the formation of aligned 
silicon nanostructures such as silicon nanowires, nanocrystallites, and nanoparticles [18, 
19].  AIC of a-Si is currently being used by researchers to generate surface-nano-
texturing processes on glass substrate to change its superhydrophobicity and 
superhydrophilicity for applications such as microfluidic channel creation, anti-fogging, 
and self-cleaning surfaces [20]. 
In this research, the AIC of a-Si technique was used to generate surface nano-
textures on Cu substrate to increase its surface hydrophobicity.  An important advantage 
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of this procedure over the one-step, wet chemical approach is that it can be applied to any 
substrate—not Cu only.  Furthermore, the process could be implemented in a matter of 
hours rather than days as required by the wet chemical methods.  Lastly, the AIC of a-Si 
process does not require the significant investment in chemical treatment facilities to 
accommodate large-scale production of nano-textured surfaces that the wet chemical 
approaches might require.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7 
 
CHAPTER 3 
EXPERIMENTAL DETAILS 
3.1 Sample Preparation 
A single sheet of flat, mirror-finished Cu alloy, sized 12 in. x 24 in. and having a 
thickness of 20-gauge (0.032 in.), was purchased from a supplier.  The chemical 
composition of the alloy (alloy C11000) consisted of Cu 99.95 wt% and O2 0.03 wt%.  
The metal’s physical properties were specified as cold rolled annealed temper, the type of 
Cu commonly used in deep drawing applications such as forming seamless channels.  
The protective film on the Cu sheet, which prevents oxidation of the metal at room 
temperature, was left intact until ready for the AIC of a-Si process. The Cu sheet was cut 
into sections measuring 1/2 in. wide x 1 in. long (see Figure 3.1a).   These sections served 
as samples to be subjected to the AIC of a-Si process.   
Lab time for the AIC of a-Si process was secured with the High Density 
Electronics Center’s (HiDEC) clean room.  The first task there was to remove the 
protective film and clean the samples.  To remove any organic contaminants, the samples 
were placed inside a beaker containing acetone and cleaned for 20 minutes using the 
ultrasonic washing apparatus shown in Figure 3.1b.  
 
      
                                                    
                                                                  
 
 
                    (a) (b)  
                  Figure 3.1. (a) Film-protected (left) and mirror-finished (right) Cu samples used in  
                       experiment, and (b) an ultrasonic washing apparatus used in sample cleaning. 
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The next steps, drying the samples with N2 and protecting them from airborne 
contamination, were important for controlling the sample quality and ensuring successful 
nano-texturing procedures.    
3.2 AIC of a-Si Process 
 
            Deposition of a-Si and Al                        Annealing and Al Etching 
   
 
   
 
 
 
 
 
    Figure 3.2. Process flow developed for AIC of a-Si on Cu substrate. 
 
Figure 3.2 illustrates the process flow for AIC of a-Si on Cu substrate.  The order 
of the process steps were:  (1) PECVD of a-Si, (2) wait 48 hr for SiO2 layer to saturate, 
(3) deposition of Al by evaporation, (4) annealing, and (5) etching and cleaning.  Further 
details concerning the individual process steps are discussed next. 
3.2.1 PECVD of a-Si 
    Following the initial surface preparation, some samples were deposited with a-
Si of 100 nm thickness and others with 400 nm thickness using Plasma Enhanced 
Chemical Vapor Deposition (PECVD).  The PECVD system (Plasma-Therm SLR730), 
shown in Figure 3.3, was operated at RF power, substrate temperature, chamber pressure, 
Cu substrate
SiO2 
Al
a-Si
AlCu substrate
a-Si 
Cu substrate
a-Si 
Al 
Cu substrate
Cu substrate
a-Si
Cu substrate
a-Si
Diffusion Between 
Interstices of  Al and 
a-Si
Surface Nano-Textures
PECVD 
Evaporation 
Cooling 
Etching 
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and SiH4 flow rate of 20 W, 250 C, 1 Torr, and 85 sccm, in that order.  Initial 
preparations included flowing the PECVD chamber with N2 to remove the air trapped 
inside, followed by the flow of SiH4 to evacuate the N2.  A deep vacuum was drawn on 
the system to remove the SiH4.   
 
 
                                        Figure 3.3. Plasma Enhanced Chemical Vapor  
                                        Deposition (PECVD) system used for deposition 
                                        of a-Si film. 
Once beyond the initial chamber preparation phase, the length of time needed by 
the PECVD system to deposit the a-Si films of 100 nm and 400 nm thicknesses were 4:42 
s and 18:48 s, respectively.  After the a-Si deposition process was completed, the samples 
were removed, covered, and set aside for a period of at least 48 hr at room temperature 
(25 C) in air.   Allowing the 48 hr time period was critical because growth of a native 
silicon oxide (SiO2) film occurs when the samples are exposed to air.  The film reaches a 
saturation point in 48 hours.  An inconsistent SiO2 film thickness between sample batches 
would introduce an unnecessary experiment variable and inhibit favorable comparisons 
between batches.  The samples were now ready for Al evaporation. 
3.2.2 Evaporation of Al 
 
    Photo courtesy of High Density Electronics Center 
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                                                 Figure 3.4. Thermal evaporation system  
                                                 used for deposition of Al film. 
The samples (usually 24 in number) were next placed inside the thermal 
evaporator (Edwards Auto 306), shown in Figure 3.4, for the deposition of vaporized Al 
onto the a-Si/Cu substrates.  The settings chosen for evaporator operation were: (1) a 
chamber pressure of 5 E-06 Torr at the beginning of Al deposition, and (2) an Al 
thickness deposited according to batch requirements.   
Batch A received a 650 nm thick deposition, and Batches B and C each received 
825 and 800 nm, respectively.  The Al was deposited at a rate of 4 nm/s.  This rate 
assured the uniformity of Al deposition onto the Cu samples.  One critical step which 
prevented the samples from oxidizing upon contact with air was to allow them to cool 
inside the evacuated chamber of the evaporator for 10 min duration.     
3.2.3 Sample Annealing  
 
 
 
 
 
 
 
 
 
 
                                               Figure 3.5. The annealing furnace was used  
                                               to heat samples between 650 and 950 C. 
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After cooling, the samples were removed from the evaporator and placed in the 
annealing furnace (Lindberg/Blue Furnace BF51894C) shown in Figure 3.5.  Because the 
annealing process was a major influence in the formation of the different nano-crystalline 
structures (and nano-textures), an annealing matrix, extensive trial procedure, and careful 
tracking process was necessary to catalog the combinations of anneal time, anneal 
temperature setting, and cooling rate required to test the AIC of a-Si process for Cu 
thoroughly (see Appendix).  After removal from the oven, the samples were allowed to 
cool to 25 C in room air.   
3.2.4 Etching of Al 
 
 
 
 
 
 
        Figure 3.6. Transene Type D etchant was used 
                                                 in the heated chemical bath to etch excess Al.  
 
The samples were now submersed in a solution of Transene Al etchant type D at 
50 C for a minimum of 10 min. duration to remove excess Al (see Figure 3.6).  At 50 C, 
the rate of etching was determined to be 250 nm/min, therefore confirming that the 10 
min. etch duration was adequate to ensure the removal of excess Al.  Etching left in place 
the nano-textured surfaces which were the main focus of this research.  Gentle rinsing of 
the samples with de-ionized water removed the chemical residue from the etching 
process.  The samples were allowed to air dry rather than using N2 to avoid disturbing the 
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fragile nano-textures.  The resulting nano-textures exhibited different width, height, and 
coverage densities, and consequently provided fertile data to determine the optimum AIC 
of a-Si procedure for improving the hydrophobic properties of the textured Cu surfaces.    
3.2.5 Reversing the a-Si and Al Deposition Steps    
For one batch, a deviation from the established AIC of a-Si procedure included 
depositing 800 nm thickness of Al first, followed by the PECVD of a-Si at 400 nm.  The 
annealing and etching steps remained unchanged.  The reordering of the steps was done 
to assess the effect of reversing the process steps on the formation and adhesion of nano-
textures on the copper substrate.  It was expected that the a-Si/Al/Cu film sequence 
would improve the adhesion of the nano-texture beyond the existing Al/a-Si/Cu film 
sequence presently used in AIC of a-Si. 
3.2.6 Sample Topography Characterization 
 
 
 
 
 
 
          Figure 3.7. Scanning Electron Microscope used to collect  
                         images of nano-texture 
 
The use of the scanning electron microscope (SEM), shown in Fig. 3.7 (Philips 
XL 30), was necessary to verify whether the nano-engineered surface properties met 
those of the intended focus of this research.  Of particular interest was the presence of the 
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nano-textures which affected the surface hydrophobicity of Cu.  Various images, with 
magnifications ranging from 500x to 20k, were collected on each sample to obtain an 
accurate characterization of the nano-textures.  It was decided by observation that the 5k 
magnification adequately revealed the structure of the nano-textures developed using the 
AIC of a-Si process for Cu.      
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CHAPTER 4 
 RESULTS AND DISCUSSION 
4.1 Effect of Annealing Conditions 
4.1.1 Experimental Design 
The first batch, Batch A, consisted of 24 samples.  The batch underwent cleaning 
in acetone, followed by deionized water rinsing and N2 drying to remove contaminants 
from the sample surface.  Batch A was deposited with 100 nm a-Si and 650 nm Al as 
initial film thicknesses for studying nano-texture formation.  The first 3 samples of Batch 
A, annealed at 750 C, were the initial samples used to test the possibility of developing an 
AIC of a-Si process for Cu.  The parameter manipulated in this 3-sample test was the 
time duration the samples were annealed—the first sample for 5 s, the second for 15 s, 
and the third for 20 s.  Etching of the samples as outlined in section 3.2.3 was performed 
next.  
After etching and rinsing, two of the 3 sample’s nano-texture partially peeled 
from the substrate and the third one, the one annealed for 5 s, remained intact.  Despite a 
partial peeling of the nano-textures, the SEM images collected on these samples 
demonstrated the feasibility of creating surface nano-textures on Cu (see Figure 4.1).   
 
 
 
 
(a) (b) (c) 
Figure 4.1. Shown are 3 test samples of Batch A annealed at 750 C.  Anneal durations were (a) 5 s, (b) 15 
s, and (c) 20 s.  Clearly, longer anneal durations increase the coverage density, height, and width of the 
nano-textures.  
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4.1.1.1 Selection of the Annealing Matrix  
The 3-sample test which established the possibility of using the AIC of a-Si 
method to produce nano-textures on Cu also illustrated that anneal time is an important 
process variable in the formation of surface nano-textures.  To further analyze the 
possibility of creating nano-textures on Cu, an annealing matrix was set up to test 17 
samples.  Anneal durations of 5, 10, 15, 20, and 30 s were chosen as bases to determine 
the effect anneal time had on nano-texture formation.   
Another variable which determined the formation of nano-textures on Cu 
substrate was temperature.  Cu (Alloy C11000) is known to have a melting point of 
1356K or 1083°C [21].  The annealing matrix temperatures were selected to generate 
nano-textures well below this point.  Samples from the batches were exposed to 
temperatures of 650, 750, 850 and 950 C.  Table 4.1 shows the annealing matrix used in 
the experiments. 
 
                        Table 4.1. Sample annealing matrix for Batches A and B 
 
Annealing Matrix 
                        
                       Temp (˚C)
 
            Time (sec) 
650 750 850 950 
5 X X X X 
10 X X X X 
15  X X  
20 X X X  
30 X X X X 
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4.1.1.2 Determination of Texture Uniformity 
To establish with certainty whether the nano-texture created at a certain 
temperature on one sample could be compared favorably to one created on another 
sample at the same temperature, a test was set up to duplicate 3 anneal conditions for 3 
pairs of samples from Batch A, with a-Si and Al deposited at 100 nm and 650 nm, 
respectively.  The pairs underwent annealing at temperatures of 650, 750, and 850 C at a 
fixed anneal duration of 20 s.  The SEM images of the pairings, taken at 5000x 
magnification, are shown in Figures 4.2-4.4.  
 
 
 
 
 
 
   
 (a) (b) 
Figure 4.2. Two samples were annealed for 20 s duration and 650 C.  Consistent texture formations were 
evident between samples (a) and (b).   
 
 
 
 
 
 
 
  (a) (b) 
Figure 4.3. Two samples were annealed for 20 s duration and 750 C.  Denser, yet consistent texture 
formations were evident between samples (a) and (b) despite an increase in anneal temperature. 
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(a) (b) 
 Figure 4.4. Two samples were annealed for 20 s duration and 850 C.  In spite of a higher annealing 
 temperature, the comparison of the textures of (a) and (b) show a remarkable consistency. 
 
Examination of the paired samples revealed that the nano-texture patterns were 
very consistent in texture width, height, and coverage density.  With this information in 
hand, the test procedure which ultimately determined the effect of temperature on texture 
formation only required using a single sample at each anneal time and temperature slot of 
the annealing matrix. 
4.1.1.3 Results of Anneal Time and Temperature on Texture Formation 
 Seventeen samples from Batch A were used to generate nano-textures using the 
AIC of a-Si process developed for Cu.  A distinct trend regarding texture formation was 
noticed.  As the samples were annealed for a longer duration, the coverage density, width, 
and height of the nano-textures increased.  Longer anneal time caused more sites to 
nucleate, thus increasing the size and density of the nano-textures.  The same observation 
could be made for the effect of annealing temperature on nano-texture formation.  As the 
temperature increased, coverage density, width, and height of the nano-textures likewise 
increased. More energy was transferred to the nano-textures by the higher annealing 
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temperatures, which in turn, produced larger, denser nano-textures.  The samples were 
characterized using SEM and the resulting images are shown in Figure 4.5.  
 
 650 C 750 C 850 C 950 C 
5 s 
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s 
 
   
15 
s  
 
  
20 
s 
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Images collected at 5k resolution. Lightly-colored structures are nano-textures 
 
Figure 4.5. SEM images of Cu samples subjected to AIC of a-Si.  The images show a definite trend 
toward increased nano-texture coverage density, width, and height as anneal duration and temperature are 
increased. 
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Analysis of the SEM images in Fig. 4.5, based on a fixed anneal time and anneal 
temperatures of 650, 750, 850, and 950 C, showed that the nano-texture width, height, 
and coverage density increased as the temperature rose.  This trend was observed across 
every time slot examined.   It was also noticed that nano-texture formation was non-
existent at the lowest temperature of 650 C and duration of 5 s.  However, nano-texture 
formations became visible and increased in size and coverage density as the anneal 
temperature increased at that same 5 s duration.  The importance of this observation is 
that there appears to exist a point outside of the current matrix set-up at which no nano-
texture formation will take place, regardless of the anneal duration/temperature 
combination attempted.  This hypothesis bears future study.   
Further analysis of the SEM images in Figure 4.5 revealed an interesting nano-
structure at the 950 C and 30 s anneal condition.  This sample’s morphology is an 
example of the complex nano-structure formations (multi-layered nano-wires, etc) 
possible if annealing goes beyond the conditions which generate island-like structures.  
The coalescence of the nanostructures into this arrangement lay outside of the current 
focus of this research.  
4.1.2 Effect of Organic Contamination and Oxidation on AIC of a-Si 
Work began on a second batch of samples, Batch B.  A determination was made 
to use this batch to study the effect of increasing both a-Si and Al film thickness on nano-
texture formation.  For Batch B, the a-Si was deposited to 400 nm thickness and the Al to 
825 nm (see Appendix).  Before deposition, the 24 samples in the batch were washed as 
described in section 3.1 to assure that a contamination-free surface existed.  A hot plate 
was used to dry the samples rather than N2.  The samples were deposited at the new 
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thicknesses, annealed in agreement with normal matrix conditions, and then etched.  In 
short, the nano-textures of all the samples peeled completely from the Cu substrate.          
  A critical examination of the process developed to produce nano-textures on 
Batch B Cu substrates revealed that a number of outside factors negatively affected the 
AIC of a-Si process outcome.  These factors were classified into 2 types:  (1) process 
contamination, and (2) operator error. 
4.1.3 Organic Contamination of Samples 
Process contamination was a consideration in developing the process for nano-
texturing Cu substrate.  A persistent concern in the handling of the samples was the 
introduction of organic contaminants from the human body to the samples.  To guard 
against this threat, the wearing of latex gloves was a great help, but was nonetheless, an 
imperfect solution.  One sample in Batch A did not fare well in the PECVD process, 
probably due to organic contamination issues.  It was not processed further.  Airborne 
particle contamination was not a serious concern because of clean room conditions.   
The peel-off problems of Batches A and B were not likely caused by organic 
contamination, because of the care taken to minimize handling of the samples.  It was 
deduced that the peel-off of the nano-textures was caused by the presence of excess 
oxidation from 3 sources:  air, low temperature heating, and high temperature annealing.   
4.1.3.1 Oxidation of Cu by Air 
It is well known that copper, even if exposed for relatively short periods of time at 
room temperature, will readily develop oxidation on its surface [13].  This was the case 
for some samples of Batch A.  The first 13 samples were put through the a-Si and Al 
deposition steps immediately following sample washing.  These steps helped protect the 
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surface from oxidation by sealing it.  However, the remaining samples of the batch were 
placed in containers and stored under ordinary lab conditions after washing.   
Without suspecting oxidation issues, these samples were used in the next run of a-
Si and Al deposition without re-washing them.  The assumption here was that oxidation 
was non-existent.  It was also believed that the presence of moisture on the surface of the 
substrate, if washed, could affect the adhesion of the nano-texture.  The result from 
failing to re-wash the samples was that an increased number of Batch A samples 
exhibited texture peeling because oxidation interfered with the ability of Al in the AIC of 
a-Si to adhere to Cu substrate.  An example of partial texture peeling is shown in Figure 
4.6.  
  
 
 
 
 
 
 
 
        Figure 4.6. Examples of the partial peeling of texture from Cu  
                       substrate due to oxidation issues.  The sample on the right shows  
         an area that peeled and exposed the bare Cu underneath.  
 
The conclusion reached was that the samples, though covered, were exposed to 
enough oxidation by air to obstruct the nano-texturing process.  Washing of all samples 
should take place immediately before the AIC of a-Si is applied to them. 
4.1.3.2 Oxidation of Cu by Low Temperature Heating 
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Still working under the assumption that moisture was the culprit in the adhesion 
problems of the nano-texture, a new process step was introduced after washing:  hot plate 
heating.  The second batch of samples, Batch B, were placed on a hot plate and heated to 
200 C for a 3 min duration following washing so that surface moisture could be 
evaporated away.  A brownish/reddish film formed on the Cu substrates.  The film turned 
out to be low temperature-induced oxidation, an actual changing of the chemical 
composition of the surface of Cu to that of CuO [22].   
The AIC of a-Si process steps for Cu were carried to completion on the batch.  
When some of the samples from this batch were annealed and etched, they experienced a 
complete peeling of the nano-texture.  They were, therefore, unusable for further tests 
(see Figure 4.7).  The results verified the effect oxidation of Cu has on nano-texture 
adhesion.  
 
 
 
 
 
 
           Figure 4.7. A sample from Batch B. Samples such  
                           as this one experienced complete nano-texture peeling  
                           due to oxidation that was induced by hot plate heating.  
 
4.1.3.3 Oxidation of Cu by High Temperature Annealing 
A different form of oxidation, high temperature oxidation, affected efforts to 
create nano-textures on Cu substrate.  High temperature oxidation is a condition 
encountered when pure Cu is heated to approximately 900 C [23].  Although the samples 
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annealed at 850 C and higher temperatures were a-Si and Al deposited (and therefore 
assumed to be sealed from oxidation), the samples exhibited a definitive brown color and 
scaling consistent with the occurrence of oxidation.  The color change, illustrated in 
Figure 4.8, took place at anneal durations of 10 s and longer at the 850+ C temperatures.  
 
 
 
 
 
 
 
  
                           Figure 4.8. Samples annealed at 850+ C and durations of 10 s  
                                  and longer.  High temperature oxidation caused the brown  
                                  color and pitted texture (scaling) present on these surfaces. 
 
Researchers Birks and Meier ascribe scaling during the oxidation of pure metals 
to the generation of growth-stresses created while high temperature heating a metal.  
Cations and electrons from the metal are diffusing outward toward the surface at the same 
time as the scale is thickening, expanding plastically, and simultaneously attempting to 
remain in contact with the metal.  Eventually, the scale loses contact with the metal’s 
surface and peeling occurs [23].  This seems to be a logical explanation for the incidence 
of scaling in Cu annealed at 850+ C.   
A similar growth-stress was induced by thermal expansion of the film structure.   
Thermal expansion was taking place between the Cu/a-Si/Al interfaces and was a 
contributor to the cause of nano-texture peeling.  The coefficients of thermal expansion 
(CTE) of the three materials were different.  Amorphous silicon has a CTE of 2.3 E-06 
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/°C while Cu and Al have CTEs of 9.8 E-06 and 13.1 E-06 in./in./°F, respectively [24, 
25].  As expected, the higher annealing temperature exacerbated the difference in the 
rates, causing the Cu to expand fastest, and therefore experience compression brought on 
by the slower rate of expansion of a-Si.  Likewise, a-Si was put under tension because of 
the faster rates of expansion of Cu and Al.  The conclusion obtained from analyzing the 
surfaces of the samples post-etching was that an increasing number of samples peeled 
due to CTE mismatch as the temperature exceeded 850 C and anneal duration increased 
beyond 5 s (see Appendix).    
The occurrence of oxidation in Cu at the lower-than-expected 850 C temperature 
is not presently understood by the author.  It can perhaps be explained by the manner in 
which the annealing furnace operates.  The furnace temperature sensor measures air 
temperature inside the furnace, not the surface temperature of the sample.  To avoid the 
creep of the oven temperature above the set point of 850 C, the temperature control must 
be lowered to about 840 C to stop the furnace heating process, and then the oven 
temperature must slowly climb and stabilize at the 850 C setting.  
 As a consequence of not anticipating the furnace behavior, the samples were 
actually being exposed to higher temperatures than reported.  The sample temperature 
likely approached the 900 C temperature that caused the onset of high temperature 
oxidation.  This was not clearly understood initially, and was attributed as operator error.  
Removal of samples from the annealing oven at durations slightly different than 
logged was also attributed to operator error.  The samples were placed in the oven using 
tweezers and large, heat-resistant gloves, making the transferring of samples to and from 
the oven somewhat cumbersome—especially at higher temperatures.  Problems were 
25 
 
encountered in attempting to grip the samples for removal with tweezers.  A different 
method of transferring samples will be implemented in the future.   
Further complicating sample removal from the furnace was the task of operating 
the annealing timer.  This was a source of process inconsistency because of the tendency 
to anticipate the ringing of the timer, resulting in the early removal of the samples at 
times.  Additionally, the removal of samples at the shorter durations was made difficult 
because of limitations in human response and reaction time.  Despite these errors, though, 
the relative consistency of the nano-textures sample-for-sample was quite good.     
4.2 Effect of Reversing the a-Si and Al Deposition Steps on Adhesion 
A new batch of samples, Batch C, was now considered to assess the effect of 
reversing the deposition steps of the AIC of a-Si process on the adhesion of the nano-
texture to Cu substrate.  Sample preparation and etching criteria established for Batches 
A and B were left unchanged for Batch C.  Twelve Cu samples were chosen upon which 
to conduct the reversal test.  After sample washing, the specimens were dried using N2.  
The deposition thicknesses selected for this batch were 800 nm for Al and 400 nm for a-
Si, and they were subsequently deposited in that order.  Since the batch size was smaller 
than those prior to Batch C, the annealing matrix was modified to utilize fewer samples.  
Table 4.2 shows the selected anneal durations of 5 s, 10 s, and 20 s.  Annealing 
temperatures remained at 650, 750, 850 and 950 C.   
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        Table 4.2. Batch C sample annealing matrix 
Annealing Matrix 
                        
                       Temp (˚C)
 
            Time (sec) 
650 750 850 950 
5 X X X X 
10 X X X X 
20 X X X X 
 
After annealing, the samples were examined using an electron microscope to see 
if there were readily observable differences from previous batches.  Visually, the samples 
exhibited remarkable AIC of a-Si process uniformity.  The variations in color shading 
observed in the previous batches after the PECVD step were not present in this batch.  
The texture adhesion improved dramatically, as expected.  A decrease occurred in the 
number of samples that peeled (see Appendix). 
 However, Batch C did not definitively reflect the trend toward increased 
coverage density, width, and height as did Batch A.  Although there was faint evidence of 
nano-texture formation on the surface all of the samples, the majority of the nano-texture 
formation seemed to exist below it (see Figure 4.9).   
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  Figure 4.9. SEM images of Batch C.  All samples exhibited evidence of nano-texture formation 
  underneath the a-Si layer (those circled).  All images were collected at 5000x magnification, except those 
  marked X which were collected at 20000x.  
 
It was speculated that the application of the thicker a-Si film of 400 nm was 
obscuring the nano-texture underneath.  Several SEM images showed clusters of nano-
texture formations which had broken through the surface in an otherwise undisturbed film 
structure.  However, the image of the 850 C and 20 s sample as well as those at 950 C 
and both 10 and 20 s demonstrated an abrupt departure from the others.  Apparently, 
higher temperatures and longer durations associated with these samples produced a 
scaling reminiscent of the oxidation pitting of Cu in Batch A, but with an appearance of 
being filled-in somewhat by the thicker layer of a-Si used in Batch C.  There existed 
some evidence of the nanostructures attempt to coalesce into larger islands in response to 
the high temperature oxidation reaction of the metal.  Time limitations prevented the 
X
X
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testing of that hypothesis.  The study of the effect a-Si thickness has on nano-texture 
formation will be the focus of future research.  
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CHAPTER 5 
CONCLUSIONS AND FUTURE RESEARCH 
5.1 Conclusions 
This work set out to study the AIC of a-Si process to produce nano-textured 
surfaces on Cu substrates.  A study of nano-texture formations at various anneal 
duration/temperature combinations is valuable because one can predict, with a high 
degree of certainty, the proper conditions for Cu to produce specific types of nano-
textures using AIC of a-Si.  The objective—to develop an AIC of a-Si process to produce 
nano-textures on Cu—was successful.  Multiple batches were processed to develop the 
AIC of a-Si procedure for Cu.  Cu substrate was shown to respond predictably to 
temperature changes and anneal durations to produce the crystallization patterns 
necessary for superhydrophobic surfaces.  The nano-texturing process that was developed 
produced repeatable results which were consistent with established research using AIC of 
a-Si on Si wafer substrates.    A deviation from the typical process steps included a 
reversal of the a-Si and Al deposition order.  The reversal shows potential as a solution to 
the adhesion problems of the AIC of a-Si process for Cu.  Lastly, research using the AIC 
of a-Si process on stainless steel and the AIC of a-Si process developed for Cu shows that 
AIC of a-Si has the potential to be utilized on other types of metal surfaces and 
applications where nano-texturing would be beneficial.   
5.2 Future Research 
The creation of surface nano-textures using AIC of a-Si on Cu was only a 
beginning.  Numerous variables exist in the development of this process.  The effect of 
changing the a-Si, Al thickness, and process order are variables that need further study to 
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understand fully their effect on both nano-texture generation and adhesion to the 
substrate.  Application of a surface nano-texture and the use of a low surface energy 
coating will be studied as a way to improve surface hydrophobicity to achieve friction 
reduction on Cu.  Finally, a detailed analysis of the surface nano-texture and low surface 
energy coating will be conducted using laboratory test equipment and performance 
evaluation under conditions encountered in real-world HVACR applications to refine the 
AIC of a-Si process for Cu further.   
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APPENDIX 
 
 
 
 
Batch Date Batch a-Si Thickness (nm) Date Batch
Al Thickness  
(nm) Date
Temperature  
( C )
Time   
(sec) Date Comments
01 01 750 20sec Peeling
02 02 750 15sec Should be 10 sec anneal time Peeling
03 03 750 5sec
04 04 650 20sec Peeling
05 05 650 10sec
06 06 650 5 sec No texture Present
07 07 850 20sec Peeling
08 08 850 15sec Should be 10 sec anneal time Peeling
09 09 850 5sec
10 10 650 20sec Peeling
11 11 650 10sec Some Peeling
12 12 750 20sec Peeling
13 13 750 15sec Should be 10 sec anneal time Peeling
14 14 750 5sec No Texture Present
15 15 850 30sec Peeling
16 16 850 20sec Peeling
17 17 850 10sec Peeling
18 18 850 5sec Some Peeling
19 19 950 30sec Should be 20 sec anneal time Peeling
20 20 950 10sec Peeling
21 21 950 8sec Should be 5 sec anneal time Peeling
22 22 950 4sec Should be 2 sec anneal time
Initial Texture 
Formation
23 23 950 1min Peeling
24 24 650 30sec 4/7 Should be 20 sec anneal time
4/7/2009   
45 min Peeling
25 B 3/19 B 400 3/19 B 825 3/21 25 650 10sec 3/23 40 min
4/3/2009.  All 
samples peeled.  
Suspect high 
oxidation layer 
from hot plate.
C          
(S-24 only, 
4/4/2009)  
Remaining 
Samples 
Unused
26 A 3/19 A 100 3/19 A 650 3/21 26 750 10sec Peeling B
27 27 650 5sec
28 28 650 10sec
29 29 650 20sec
30 30 750 5sec
31 31 750 10sec
32 32 750 20sec Peeling
33 33 850 5sec
34 34 850 10sec
35 35 850 20sec Peeling
36 36 950 5sec
37 37 950 10sec Peeling
38 38 950 20sec Peeling
Sample Data for AIC of a-Si Process 
D
45 min   
4/7/2009
Surface Post- 
Etching
10 min
ID
A
4/3
Annealing
2/24
3/3
20 min
Etchant 
Type D @ 
50 ˚C
Organized 
SEM Batch
A 
B
A 100
Sample 
ID
PECVD Al EvaporationSurface Cleaning
A 2/13 2/17 2/20
C 4/3 C 400 4/3
4/7
C
650
800
 
 
 
 
 
 
 
 
 
 
